Larval dispersal is disproportionately important for marine population ecology and 18
Introduction 39
Many plants and animals are relatively sedentary as adults, but produce large numbers of 40 offspring (i.e., seeds, spores, eggs and/or larvae) that can disperse over variable distances before 41 establishment, with important consequences for species distributions, population dynamics, and 42 evolutionary processes (Turchin 1988 , Clobert et al. 2001 . Quantifying dispersal, however, can 43 be difficult (Ims and Yoccoz 1997 , Swearer et al. 2002 , Nathan et al. 2003 , as telemetric and 44 related approaches that are useful for tracking large-bodied animals cannot be feasibly applied to 45 seeds, spores, eggs or larvae because of their small size. Genetic, isotopic, and chemical tags 46
have been used effectively for small dispersers (e.g., Godoy and Jordano 2001, Jones et al 2005, 47 6 daily trace element concentrations (i.e., putative environmental signatures). For each fish, we 107 evaluated time-series of 12 trace elements (Li, B, Mg, P, S, K, Mn, Cu, Zn, Sr, Ba, Pb) in reverse 108 chronological order (i.e., as 'hindcasts'), from otolith edge (day of collection) to core (day of 109 hatch; Fig. 1b,c) . Our approach assumes that variation in trace element concentrations recorded 110 within otoliths reflects spatio-temporal variation in the environment (e.g., water masses with 111 different physicochemical properties). 112
We identified a subset of 7 elements (Mg, P, K, Mn, Sr, Ba, Pb) based on their ability to 113 reconstruct hindcasted variation in the pelagic environment (i.e., a geographic signature, see 114
Appendix C for details of the screening process). Using this subset, we calculated 13 statistical 115 descriptors that characterized the hindcasted time-series of each element (i.e., a pelagic duration 116 of ~30 consecutive days preceding collection) for each sampled individual (following methods of 117 Wang et al 2006, Shima and Swearer 2009a) , yielding a set of 91 variables to characterize each 118 individual dispersal history. We used a principal components analysis to reduce the 119 dimensionality of this set to 9 principal components (the most that could be accommodated by a 120 subsequent clustering approach given our sample size; the first 9 principal components 121 accounted for 45% of the variation in the full data set). We used the first 9 principal component 122 scores to cluster fish (separately for each site-date observation) that had similar environmental 123 histories during the same ~30d period (hereafter, 'cohorts'). Clustering was performed with a K-124 means algorithm (using JMP v10.0), and the cubic clustering criterion (CCC) was used to 125 determine the most likely number of dispersal cohorts comprising each site-date observation. 126
The existence of dispersal cohorts was interpreted as evidence of shared dispersal histories 127 among individual fish. 128 7
Dispersal trajectories of cohorts 130
We estimated dispersal trajectories of identified cohorts in multivariate space, and 131 assumed these trajectories to be a proxy for movement in geographic space. This approach 132 facilitated visualization of dispersal trajectories for each cohort, and enabled us to estimate 133 cohort convergence times. For each site-date observation, we conducted a canonical 134 discriminant analysis (PROC CANDISC, SAS v9.3), using daily concentrations of the 7 trace 135 elements most likely to be proxies of geographic location (see Appendix C). We visualized 136 dispersal trajectories of each cohort with plots of their mean canonical scores for successive days 137 prior to collection, for the first two canonical variables (i.e., plots of CAN2 vs CAN1). In order 138 to objectively evaluate the convergence times of cohorts (e.g., interpreted as evidence of arrival 139 in similar water masses), we generated a data matrix of squared Mahalanobis distances between 140 cohort means (a standard statistical output of a canonical discriminant analysis) for each day 141 prior to collection (up to 30d). The canonical discriminant analysis also generates a 142 corresponding matrix of one-way analyses of variance tests, which evaluate the null hypothesis 143 that cohort means on given days were equal (i.e., in the same canonical space; see Supplement). 144
This statistical output (given in Supplement) enabled us to calculate the proportion of time that 145 dispersal trajectories shared similar environmental histories (i.e., p ≥ 0.05; hereafter, 146 'proportional convergence'). Additionally, for each site-date, we defined a 'convergence time' 147 (i.e., a point in time when two dispersal trajectories begin to consistently share a similar 148 environmental history as they approached a common collection site). To determine 149
'convergence time', we started at the endpoint of a dispersal trajectory (date of collection) and 150 followed a pair of trajectories back in time and identified the first point of bifurcation (which we 151 defined as the first instance prior to collection with ≥3 consecutive days of divergent 152 8 environmental signatures; p<0.05 for the difference between cohort means). We estimated an 153 'average convergence time' for each site-date observation as the mean of all pairwise 154
comparisons. 155
Lastly, to further characterize spatio-temporal variation in the composition of dispersal 156 trajectories, we calculated metrics of cohort diversity for each site-date observation. 157
Specifically, we estimated 'cohort richness', the number of cohorts (i.e., clusters) that 158 contributed to 'larval supply', and 'cohort evenness' using Pielou's evenness index, where low 159 evenness indicates some cohorts contribute more to larval supply than others. 160 161
Consequences of variable dispersal trajectories 162
We evaluated whether larval supply is determined (at least in part) by aspects of dispersal 163 histories. Specifically, we hypothesized that larval supply could be predicted by some 164 combination of: (1) 'cohort richness' (e.g., recruitment increases with accumulation of cohorts 165 with different dispersal trajectories); (2) 'cohort evenness' (e.g., recruitment increases with 166 disproportionate contributions from specific dispersal trajectories); (3) 'proportional 167 convergence' (e.g., recruitment increases as cohorts share more of their dispersal trajectories); 168 and/or 4) 'average convergence time' (e.g., recruitment increases with earlier 169 convergence/accumulation at the recruitment site). We explored support for these (non-mutually 170 exclusive) hypotheses using stepwise multiple regression (the dependent variable, larval supply 171 was log-transformed to meet assumptions of this test; analyses conducted in SAS v9.3). 172
173

Results
174
Dispersal trajectories of cohorts9 K-means clustering identified a variable number of dispersal cohorts (mean=4.3, SD=2.8, 176
Range: 2-8) that replenished 9 site-date observations. Trajectories of cohorts in canonical space 177 (a proxy for geographic space) showed a range of patterns (Fig. 2) . Larval supply at Site 1 on 14 178
Jan 2008 (Fig. 2a) consisted of 25 individuals that were unevenly distributed between 2 dispersal 179 cohorts with no evidence of convergence in their approach to the collection site (convergence 180 time=0, proportional convergence=0.03; Supplement gives statistical comparisons that underlie 181 inferences of convergence for all site-date observations). This pattern suggests that the two 182 cohorts (Fig. 2a) experienced very different pelagic environments for the 30 days preceding 183 collection, and entered a common environment only upon their arrival to light traps. Site 5 was 184 sampled on the same night, and larval supply (comprising 225 fish) was unevenly distributed 185 among three dispersal cohorts that had an average convergence time of 21.3d prior to collection 186 and a proportional convergence of 0.79 (Fig. 2b) . Larval supply to site 4 on 10 Feb 2008 (Fig.  187 2f) was divided fairly evenly between 4 cohorts that, collectively, showed convergent 188 environmental signatures from 5d prior to settlement. However, two distinct convergence 189 patterns are clearly evident in the dispersal trajectories for this site date (Fig. 2f) . Larval supply 190 to site 3 on 10 Feb 2008 was roughly evenly distributed among 8 dispersal cohorts, with one of 191 these cohorts showing extremely divergent environmental signatures early in its trajectory 192 toward the collection site (Fig. 2e) . The 'outlier' cohort in this panel obscures the variation in 193 canonical space of the remaining 7 cohorts (which is evident and similar in magnitude to the 194 other panels when this cohort is excluded from the plot). Two other site-date observations (Fig.  195 2d,h) were also characterized by larval supply distributed approximately evenly among 8 196 dispersal cohorts, with some cohorts showing signs of convergence in their approach to the 197 collection site, and others not. For three other site-date observations, (Fig. 2c,g, Based upon the hydrodynamic context for our study, we had a priori reasons to suspect 222 variable patterns of larval dispersal among sites and dates. The hydrodynamic setting for Kapiti 223
Island and the greater Cook Strait is characterized by strong, tidally-driven currents that interact 224 with coastline features and bathymetry to produce complex circulation and eddy fields (Chiswell 225 and Stevens 2010). We hypothesized that such eddies might aggregate larvae (potentially at the 226 natal site, or at some point further along a dispersal trajectory) and then transport them as a group 227 to their destination site. Because our previous work suggested that shared dispersal histories 228 might have strong effects on a wide range of demographic parameters (see Introduction), we 229 wished to better understand patterns of dispersal (e.g., how many dispersal cohorts characterize 230 larval supply, and when do they form) and the potential consequences of this variation. 231
We adopted a forensic approach that enabled us to reconstruct (and visualize) dispersal 232 trajectories in canonical space. Figure 2 suggests at least three general patterns of incoming 233 trajectories of dispersers: (1) multiple cohorts that were convergent in their environmental 234 signatures for an extended period of time (Fig. 2c,g,i) ; (2) cohorts that, on average converged 235 near the settlement site ~5d prior collection (Fig. 2d ,e,f,h); and (3) cohorts that never converged 236 (Fig. 2a) . If we assume that canonical space is a proxy for geographic space, then the first of 237 these patterns implies groups of individuals might be travelling together from as far back as their 238 natal sites (as exemplified in Fig. 1b- ii; see also Selkoe et al. 2006 , Bernardi et al 2012 . The 239 second of these patterns suggests that larval fish may accumulate (perhaps near reefs) prior to 240 settlement (e.g., Fig. 1b , i-iii; see also Warner et al. 2000) and this is consistent with our own 241 observations of shoals of pre-competent fish larvae on-or adjacent to reefs (J. Shima pers. obs), 242 and with other recent published accounts (Beldade et al. 2006) . The third general pattern (no 243 convergence, Fig. 1, i vs. iv) suggests that recruitment events may occasionally comprise cohorts 244 that had different dispersal trajectories for their entire larval duration, and converged to a 245 common environment for the first time in a light trap (leaving insufficient time for this to be 246 recorded in a final otolith increment). Such individuals could have arrived at different times over 247 the course of the night (e.g., in different eddies that had different environmental signatures, and 248 potentially, different origins), and indeed, the occurrence of different convergence patterns for 249 subsets of cohorts for several site-date observations (e.g., Fig. 2f , and to a lesser degree, d and h) 250 are consistent with this hypothesis. 251
We evaluated the potential consequences of spatio-temporal heterogeneity in dispersal 252 histories, and found that the magnitude of larval supply was negatively correlated with the 253 degree of evenness (in terms of apportionment of larvae) among the three cohorts. Hence, larval 254 supply was greatest when larvae were unevenly distributed (i.e., one cohort was more commonly 255 represented than all others). We believe this suggests that large recruitment events may be 256 driven (at least in part) by groups of fish that share a particular dispersal history as opposed to 257 groups of fish that accumulate near a settlement site, or by a confluence of many different 258 dispersal histories. Our results are consistent with a "sweepstakes" hypothesis, where the lucky 259 cohort accumulates in a favorable developmental conditions, giving increased chances of 260 survival to settlement. Sweepstakes events in this context may be facilitated by behavior 261 patterns of dispersers (e.g., shoaling) and/or aggregation in hydrodynamic features (e.g., eddies; 262 Shulzitski et al. 2015) , and likely have important consequences for patterns of connectivity (i.e., 263 reduced variation in dispersal patterns among individuals from a common origin). Moreover, 264 cohorts of common triplefin that share developmental histories and settle together are likely to 265 share phenotypes (Shima and Swearer 2009a), which potentially affects population dynamics via 266 effects on intraspecific competition (e.g., Noonburg et al. 2015 , Shima et al. 2015 . 267 
